There are numerous benefits to elucidating how our environment affects our health: from a greater understanding of adaptation to disease prevention.
Introduction
In recent years, the concept that epigenetic factors are inherited has rapidly developed. As more studies show that environmental stressors (e.g., poor diet, toxins, or psychological stress [1] [2] [3] [4] ) influence the epigenome, it is becoming clear that the environment experienced during our lifetime may impact the health of our descendants. How commonplace epigenetic inheritance is and the underlying mechanisms remain uncertain, though substantial research over the last few years have improved our understanding of this phenomenon.
We define transgenerational epigenetic inheritance (TEI) as the transmission of non-DNA base sequence information between generations via the germline [5, 6] . Epigenetic changes in the first generation (F0) occurring after exposure to an environmental insult increases risk for specific phenotypes in subsequent generations (F1, F2, F3, etc.) even when they are not exposed to the insult themselves. To be transgenerationally inherited, the phenotype must persist beyond the F2 generation when inherited via the paternal lineage and F3 generation via the maternal lineage [5, 6] (Figure 1 ).
Both sperm and oocytes [7] [8] [9] transmit epigenetic information to the next generation, but paternal inheritance is typically studied for experimental tractability and lack of confounding influences (e.g., the uterine environment).
A multigenerational search for inherited epigenetic factors, such as DNA and histone methylation, and non-coding (nc) RNAs, has ensued. TEI in human populations is becoming evident [10] , though it is difficult to study due to long generation times, genetic diversity and variable environmental conditions wherein we live. Plant and animal models of TEI, in which genetic and environmental conditions are meticulously controlled, are key for mechanistic exploration and for overcoming the challenges associated with tracking epigenetic information over multiple generations. A greater understanding of TEI will have important implications for disease risk prediction and prevention.
DNA Methylation: an important mechanistic candidate
Methylation of single DNA residues is well studied in the context of TEI. In mammals, 5-methylcytosine (5mC) is the predominant form of methylated DNA. In organisms (e.g., bacteria, fungi, Caenorhabditis elegans and Drosophila melanogaster) that lack or have low levels of 5mC, other forms of methylated DNA, such as the recently identified N6-methyladenine (6mA), are widespread [11] . 5mC is generally associated with gene repression [12] whereas 6mA is thought to promote activity [13] . The reality may be far more complex; linking methylation status to a specific gene expression profile and phenotype is challenging. For DNA methylation to be a heritable epigenetic mark, it should be mitotically and meiotically stable [5, 6] and escape epigenetic reprogramming that normally occurs in primordial germ cells and post-fertilization embryos [14] [15] [16] (Figure 2 ). This epigenetic 'erasure' generates a totipotent state required to form the next generation [16] .
Remarkably, 5mC within specific genomic regions including repeat sequences (e.g., intracisternal A particles [IAPs] ) and rare regulatory elements (e.g., promoters next to IAPs) is resistant to reprogramming [14, 15] (Figure 2 ).
Presumably, this occurs to maintain genomic stability during widespread erasure [17] . Abnormal DNA methylation patterns caused by environmental stressors would have to generate resistance to reprogramming to appear and cause phenotypes in subsequent generations.
Owing to their resistance to reprogramming, the methylation status of repetitive elements is a mechanistic candidate of TEI [6, 15] . A classic mouse model of TEI involving an IAP element is the agouti viable yellow (A vy )
epiallele [18] . Hypomethylation of a cryptic promoter in the IAP element upstream of the agouti gene drives its expression leading to a yellow coat colour, obesity and diabetes [19] . This hypomethylated status is inherited over several generations through the maternal line [18] and can be manipulated by environmental factors [20, 21] . For example, providing a methyl-rich diet to A vy females decreases the frequency of yellow coats in their offspring [20, 21] . It is unclear whether DNA methylation at the IAP element is normalised [21] or if an indirect effect is responsible [20] .
Beyond the A vy model, it has been difficult to identify differentially methylated regions (DMRs) in the genome that are stable over multiple generations and that correlate with a phenotype. This is even when unbiased approaches to assess the germline methylome are implemented. One successful example is in a pre-diabetic mouse model characterized by insulin resistance and impaired fasting glucose [22] . F0 males transmit a similar prediabetic phenotype to the F1 and F2 generations [22] . Whole 5mC methylome analysis of sperm from F0 males revealed altered DNA methylation patterns compared to controls [22] . However, only a few of these abnormal patterns persisted in pancreatic islets of the male F1 and F2 offspring [22] . Conversely, unbiased methylome analysis of sperm from mice (F1) exposed to severe undernutrition while in utero, revealed altered DNA methylation that coincided with reduced birth weight and a robust metabolic phenotype [2, 23] . Over 100
DMRs concentrated in CpG islands and intergenic regions were identified [2] .
However, the subset of DMRs that were assessed in F2 somatic tissues were not maintained, even though neighbouring genes showed altered expression and the metabolic phenotype was observed [2] . This suggests a parallel epigenetic mechanism may be involved. Future methylome-wide analysis of the F2 generation and beyond will more thoroughly determine whether DMRs are inherited.
Reproducibility of TEI data is another challenge. An example of this is the rodent vinclozolin model [24] . Males (F1) exposed in utero to the endocrine disruptor vinclozolin transmit several adult onset diseases up to the F4 generation [4] . Analysis of promoter regions revealed widespread alteration of 5mC in mature sperm of the F3 generation following ancestral vinclozolin exposure [25] . However, others showed that altered DNA methylation patterns in purified prospermatogonia of the F1 offspring were not apparent in the F2 generation [26] . The discrepancy between studies may come down to technical differences, including the sperm population assessed and method of methylation analysis used, or it may reflect the natural epigenetic variability that exists between individuals [27] .
Dysregulation of methylation machinery may initiate TEI
The machinery vital for the establishment and maintenance of DNA methylation may be an important initiator of TEI. In Arabidopsis thaliana, a mutation in the DNA METHYLTRANSFERASE 1 (MET1) gene leads to heritable hypomethylation at a repetitive region near the transcriptional start site of the FLOWERING WAGENINGEN (FWA) gene [28] . This hypomethylation leads to ectopic FWA expression causing a late flowering phenotype for several wildtype generations [29] . Similarly, mutations in the mouse homolog of MET1, DNA methyltransferase 1 (Dnmt1), cause an analogous effect. Wildtype offspring derived from males mutant for Dnmt1
showed a greater frequency than expected of DNA hypomethylation at the agouti locus and a yellow coat [30] . Importantly, whether DNA methyltransferases contribute to the mechanism of TEI beyond these epialleles requires further exploration.
Alternatively, in Drosophila, the DNA 6mA demethylase (DMAD) suppresses transposon expression in the ovary by ensuring low 6mA levels at these sites [13] . Although it is unclear whether dysregulation of DMAD and 6mA at transposable elements causes a transgenerational effect, it may play a yet-to-be determined mechanism in the Drosophila TEI model whereby females are fed a high calorie diet results in obesity in the F2 generation [31] .
Remarkably, limiting the substrate for DNA methyltransferases leads to transgenerational effects on development [3] . A mutation in the mouse methionine synthase reductase (Mtrr) gene, which is necessary for the transmission of one-carbon methyl groups [32] , results in epigenetic instability and the inheritance of congenital abnormalities at least up to four wildtype generations [3] . Even though these transgenerational effects occur through the maternal lineage, embryo transfer experiments demonstrated that the consequences were via the germline and independent of the uterine environment [3] . Specific germline-inherited epimutations have not yet been identified in the Mtrr model nor is it clear whether the regulation of DNA methylation machinery is affected.
Is there a role for histone modifications in TEI?
The inheritance of histone modifications is not as well studied when considering TEI mechanisms. Most histones in mouse (99%) and human (85%) sperm are removed and replaced by protamines to enable compact packaging of DNA during sperm maturation [33] . Recently, protamine modifications were identified [34] , yet whether or not the 'protamine code' passes on epigenetic information between generations is uncertain. Histone retention in sperm tends to be at the promoters of housekeeping and developmentally-regulated genes [35] while histones are retained throughout the genome in the oocyte [36] . Whether abnormal histone modifications in either germ cell influence the phenotype of the offspring is under investigation.
Recent evidence suggests that histone modifications and their regulatory enzymes convey epigenetic memory across generations. In C.
elegans, histone 3 lysine 27 trimethylation (H3K27me3) regulated by the polycomb repressive complex 2 (PRC2) transmits memory of X-chromosome repression transgenerationally [37] . In another example, even though deficiencies in the H3K4me3 regulatory complex in C. elegans lead to increased longevity that persists transgenerationally, global H3K4me3 levels appear normal in the offspring [38] . Likewise, ectopic expression of KDM1a, a human H3K4 demethylase, during mouse spermatogenesis causes developmental abnormalities for three wildtype generations [39] . Regardless, wildtype sperm of the F1 generation displayed normal epigenome-wide H3K4me2 profiles as well as normal DNA methylation patterns [39] .
Therefore, while disruption of the histone methylation machinery may initiate transgenerational inheritance of a phenotype, a second epigenetic factor may be involved.
Interconnection of epigenetic mechanisms are exemplified in worms with a mutation in a KDM1a ortholog (spr-5). The spr-5 mutants have a progressive transgenerational decline in fertility and an accumulation of H3K4me2 [40] . Correspondingly, 6mA levels also increase transgenerationally in these mutants [41] indicating another epigenetic mechanism is present.
When a 6mA DNA methyltransferase was knocked down in spr-5 mutant worms, the transgenerational loss of fertility phenotype was partially suppressed [41] . Cross-talk between these two epigenetic pathways is evident [41] , but further experiments to determine the nature of these interactions are required.
Non-coding RNAs: linking soma to germline
A mechanistic role of ncRNAs is currently at the forefront of TEI research.
Small ncRNAs act as sequence guides directing DNA or histone methylation, and by post-transcriptionally regulating mRNA [42] . RNA inheritance is best studied in C. elegans [43] . Starvation-induced expression of small RNAs or exogenous RNA interference (RNAi) results in heritable gene silencing that persists for several generations [44, 45] . Although the mechanism is complex, it is hypothesized that piwi-interacting RNA (piRNA), which typically silences transposons in the germline, and exogenous RNAi may converge into a common pathway requiring secondary small RNAs and chromatin regulatory complexes to ultimately bring about stable TEI [45] .
RNA inheritance also occurs in mammals. ncRNAs from mouse sperm exposed to an environmental stressor are sufficient to cause phenotypes 
Challenges
Identifying the heritable epigenetic information transmitted across multiple generations is difficult even in models with definitive phenotypic inheritance.
The following reasons contribute to this challenge.
Firstly, only selected epigenetic loci are assessed in some studies attempting to show TEI. As a result, the full scope of epigenetic changes in each generation is not appreciated. In fact, a spectrum of epigenetic information (i.e., DNA methylation, histone modifications, and RNA expression) may act in concert to initiate and perpetuate the inheritance of phenotypes [39, 41] . Ideally, we need to perform unbiased, large-scale studies incorporating epigenome-, genome-, and transcriptome-wide approaches over several generations in key models of TEI. This type of comprehensive analysis is costly, and likely will require collaboration between groups.
Secondly, an environmental insult may stochastically affect the epigenome in each germ cell, as evidenced by phenotypic variability within a single model [3] , in addition to naturally-occurring epivariation between individuals [27] . Consequently, resolving specific epimutations is difficult when germ cells are pooled for analysis. The emergence of single cell methylome and transcriptome technologies will permit us to better understand germ cell heterogeneity [50] .
Thirdly, different 'epimutations' may be established in each generation caused by epigenetic instability in the previous generation ( Figure 3 ). In this case, the search for stable epimutations transmitted over multiple generations may be fruitless. Support for this hypothesis comes from the observation that phenotypes frequently persist over more generations than identified epigenetic changes [1, 2] .
Fourthly, epigenetic instability might promote genetic instability. Indeed, genetic background (e.g., inbred versus outbred mice) can alter the susceptibility of an individual to transgenerational epigenetic effects [25] .
Alternatively, the activation of transposable elements in the germline by DNA hypomethylation might lead to heritable genetic mutations [51] . Furthermore, analysis of the F3 generation following vinclozolin exposure in rats revealed changes in DNA methylation patterns associated with a significant increase in repeat element copy number variations [52] . It is also possible that epigenetic and genetic mechanisms might interact in TEI through telomere regulation.
Telomeres are heterochromatic tandem repeats rich in repressive histone marks [53] that normally protect chromosome ends from degradation [54] .
Telomere shortening is associated with aging-related diseases [54] and can occur in response to diet manipulation. For example, feeding female rats a low protein diet results in an intergenerational reduction in telomere length associated with premature reproductive aging in the F2 female offspring [55] , though the F3 generation was not assessed to confirm a transgenerational effect. Exploring the epigenetic status and stability of telomeres in
transgenerational models may open up a new line of questioning.
Lastly, attributing phenotype to particular epigenetic changes can be problematic. Utilizing epigenetic strategies, such as TALE-TET1-fusions [56] and CRISPR-Cas9 based acetyltransferases [57] , will enable us to target and alter epigenetic marks in vivo to determine the specific effects on gene expression and phenotype. These technologies are in their infancy and are currently limited by off-target effects. However, they provide many exciting possibilities for site-directed epimutagenesis.
Conclusions
Lamark's once discredited hypothesis that phenotypes acquired during a lifetime are passed on to offspring has been injected with new vitality, fuelling fresh perspectives on rapid adaption to a changing environment [58] . Human populations are likely affected by TEI as demonstrated by the Dutch Hunger
Winter and Överkalix famine studies [10, 59, 60] . Fundamentally, a greater mechanistic understanding of TEI will impact our approach to disease prevention and prediction, the effects of which will hopefully have a lasting impact. Reprogramming involves dynamic changes in the epigenetic patterns within the DNA of the germ cells and pre-implantation embryo between each generation to re-establish pluripotency. This excludes some repetitive elements (e.g., IAPs) and rare non-repeat loci, which remain highly methylated [15] . The graph (bottom right) indicates DNA methylation dynamics of germ cells [6] . In cases of transgenerational inheritance, abnormal epigenetic marks caused by an environmental insult must escape multiple rounds of these reprogramming events. How these marks are stably transmitted between generations is the focus of much research. H3K27me3, histone 3 lysine 27 trimethylation; H3K4me3, histone 3 lysine 4 trimethylation; H3K9me2, histone 3 lysine 9 dimethylation; ncRNAs, non-coding RNAs; IAP, intracisternal A particle; E, embryonic day; F0, parental generation; F1, first filial generation; F2, second filial generation; F3, third filial generation; F4, fourth filial generation. .1126/science.aad7977. ** The authors identify the significance of sperm small tRNAs in transmitting metabolic disease to the next generation. Furthermore, synthetic tRNAs are unable to mediate this process suggesting that RNA modification is important in TEI models.
